INTRODUCTION
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Fibrous swine diets may be supplemented with fiber-degrading enzymes (carbohydrases) to increase nutrient utilization (Zijlstra et al., 2010) . However, carbohydrases that are effective for degrading corn and wheat fiber have not been as effective to increase nutrient use in diets based on DDGS. For example, supplemental xylanase increased nutrient digestibility in pigs fed diets based on wheat but not in diets based on wheat DDGS (Widyaratne et al., 2009) . Likewise, xylanase supplementation to pig diets based on wheat and corn DDGS did not increase nutrient digestibility (Yáñez et al., 2011) . Reasons for carbohydrases being ineffective to increase nutrient digestibility of DDGS in pigs are unknown.
We hypothesized that fiber and starch interact with protein and other grain components during the saccharification, fermentation, and drying processes of DDGS production to form carbohydrase-resistant complexes and that supplemental carbohydrase plus protease can enhance DDGS fermentation by pigs. The objectives of the present study were to determine 1) effects of treating undigested residue of corn and wheat DDGS with a multicarbohydrase enzyme alone or in combination with a protease on in vitro fermentation characteristics using porcine fecal inoculum and 2) the matrix structure of corn and wheat DDGS and their residue following in vitro fermentation using confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SCEM).
MATERIALS AND METHODS

Experimental Samples
Three commercial DDGS samples (wheat DDGS sample 1 [wDDGS1], wheat DDGS sample 2 [wD-DGS2], and 1 corn DDGS [cDDGS]) were used. Wheat DDGS were obtained from 2 DDGS-producing plants: Terra Grain (Belle Plain, SK, Canada) and Husky Energy (Lloydminster, SK, Canada), whereas the cDDGS was of U.S. origin and was sourced from a local feed mill (Wetaskiwin Co-Op, Wetaskiwin, AB, Canada). These DDGS were previously characterized for their composition (Table 1) and nutritional properties in pigs in our laboratory (Kandel, 2011) . A ground wheat grain was used as reference for some of the variables studied.
Pre-enzymatic Hydrolysis
The DDGS samples were ground with a centrifugal mill (ZM1; Retsch GmbH, Haan, Germany) to pass through a 1-mm mesh screen and then underwent a pre-enzymatic in vitro hydrolysis by pepsin and pancreatin according to the first 2-step protocol of Boisen and Fernandez (1997) . Briefly, 2-g samples were weighed in conical flasks. A phosphate buffer solution (100 mL, 0.1 M, pH 6.0) and a HCl solution (40 mL, 0.2 M) were poured into the flasks. The pH was adjusted to 2.0 with 1 M HCl or 1 M NaOH. Two milliliters of a chloramphenicol (C-0378; SigmaAldrich Corp., St. Louis, MO) solution (0.5 g/100 mL ethanol) was added to prevent bacterial growth during hydrolysis. Fresh pepsin solution (4 mL, 20 g/L porcine pepsin, P-0609; Sigma-Aldrich Corp.) was added and the flasks were placed in a water bath at 39°C for 2 h under gentle agitation (50 rpm). Afterward, 40 mL phosphate buffer (0.2 M, pH 6.8) and 20 mL of 0.6 M NaOH were added into the solution. The pH was adjusted to 6.8 with 1 M HCl or 1 M NaOH. Fresh pancreatin solution (2 mL, 100 g/L pancreatin, P-1750; Sigma-Aldrich Corp.) was added and hydrolysis was continued for 4 h under the same conditions. After pre-enzymatic hydrolysis, residues were collected by filtration on a nylon cloth (with openings of 42 μm), washed with ethanol (2 × 25 mL 95% ethanol) and acetone (2 × 25 mL 99.5% acetone), dried for 24 h at 60°C, and weighed for determination of in vitro digestibility of DM (IVDDM). The enzymatic hydrolysis was repeated 14 to 16 times, depending on the digestibility of each DDGS, to obtain sufficient sample material for the in vitro fermentation. The hydrolysis residues were pooled for each feedstuff for subsequent porcine in vitro fermentation.
Porcine In Vitro Fermentation
The porcine fermentation of undigested residue of DDGS was assessed in vitro, using a cumulative gas-production technique adapted to the pig (Jha et al., 2011a,b) . Briefly, 200 mg of DDGS was incubated for 72 h at 39°C in a shaking water bath at 50 rpm in a 125-mL glass bottle with 30 mL buffer solution containing macro-and microminerals (Menke and Steingass, 1988 ) and a fecal inoculum. A multicarbohydrase (Trichoderma-based carbohydrase preparation containing cellulase and xylanase activities; AB Vista Feed Ingredients, Marlborough, Wiltshire, UK) was added in some of the bottles either individually or in combination with a protease from Bacillus spp. (P3111; Sigma-Aldrich Corp.). The multicarbohydrase enzyme supplement supplied 20,000 units of cellulase and 56,000 units of xylanase per kilogram of hydrolyzed sample incubated for fermentation. A unit of carbohydrase is defined as the release of 1 μmol of reducing sugar equivalent per min at 37°C at pH 5.3 on a 1% solution of either acid-hydrolyzed microcrystalline cellulose or birchwood xylan, respectively. The protease supplied 500 units of protease per kilogram of hydrolyzed sample incubated for fermentation. A unit of protease is defined as the release of 1 μmol (181 μg) of Tyr (from casein) per min at pH 7.5 at 37°C.
Experimental animal procedures were reviewed as part of the general herd protocol and were approved by the University of Alberta Animal Care and Use Committee for Livestock. Pigs were handled in accordance with the guidelines described by the Canadian Council on Animal Care (2009).
Three growing pigs (6 to 8 wk of age) that were raised at the Swine Research and Technology Centre (University of Alberta, Edmonton, AB, Canada) were fed a standard commercial diet based on wheat grain, wheat millrun, and cDDGS and devoid of antibiotics and served as donors of fecal inocula. Feces were collected directly from the rectum and immediately placed in air-tight plastic syringes and kept in a water bath at 39°C until further use but less than 1 h. The inoculum prepared from feces was diluted 20 times in the buffer solution and filtered through a 250-μm screen and transferred into the bottle with fermentation substrates. Bottles were sealed with a rubber stopper and placed for incubation. An anaerobic environment was maintained throughout the experiment, from the inoculum preparation until the incubation step, by flushing with CO 2 gas. The gas generated by the fermentation and CO 2 released by the buffering of VFA produced during fermentation were measured at 0, 2, 5, 8, 12, 18, 24, 36, 48 , and 72 h with a pressure transducer (SIN-54978; GP:50, Grand Island, NY; Mauricio et al., 1999) , fitted with a digital data tracker (Tracker 211; Intertechnology Inc., Toronto, ON, Canada). Bottles were vented after each measurement. Fermentation was stopped at 72 h of incubation by quenching the bottles in iced water.
At the end of the fermentation, samples were collected from the bottles for measurement of VFA and for microscopic imaging. Samples of inoculum before fermentation were also analyzed for VFA. Gas evolution over time during the fermentation process was modeled to estimate the fermentation kinetics and total gas production. The fermented solution was centrifuged at 35,000 × g for 30 min at 4 °C. The liquid phase of the fermented solution was collected quantitatively and subjected to VFA analysis using gas chromatography (GC). The solid residue was freeze-dried, weighed to determine in vitro fermentability of DM (IVFDM), and subjected to further matrix characterization using CLSM and SCEM.
The samples were subjected to microbial fermentation with following experimental design: ([9 treatments × 5 replicates] + 5 blanks) × 2 batches. Three feedstuffs (wDDGS1, wDDGS2, and cDDGS) and 3 enzyme treatments (control, without enzyme; with multicarbohydrase; or multicarbohydrase combined with protease) were tested in a 3 × 3 factorial arrangement for a total of 9 treatments.
Physicochemical Analysis
Chemical analyses (Table 1) were performed according to standard procedures (AOAC, 2006) with specific methods as follows: DM (method 930.15), ether extract (method 920.39A), CP (method 984.13A-D), AA (method 982.30E), chemically available Lys (method 975.44), crude fiber (method 978.10), ADF (method 973.18 A-D), and total dietary fiber (method 985.29). The NDF was analyzed as described by Holst (1973) . Gross energy was analyzed using a bomb calorimeter (model 5003; IKAWerke GmbH & Co. KG, Staufen, Germany).
Wheat grain and DDGS samples were ground to pass through a 0.5-mm mesh screen and analyzed using a commercial test kit (Megazyme International Ltd., Bray, Ireland) to determine total starch (method 996.11; AOAC, 2006) . These samples were also analyzed for their nonstarch polysaccharide (NSP) content by GC along with the individual sugar content (Englyst et al., 1994) .
Viscosity of DDGS samples was determined using the water extraction method as described by Ghotra et al. (2009) . Briefly, 2 g of sample was dispersed in 20 mL distilled water, vortexed thoroughly, and kept in boiling water bath for 30 min. The solution was centrifuged at 88.6 × g for 10 min at 4°C and the supernatant was used for viscosity determination. Viscosity was determined at consecutive fixed shear rates of 1.29 to 129 s -1 using a rheometer (UDS 200; Paar Physica, Glenn, VA). The viscometer was equipped with a Peltier heating and cooling system that controlled the sample temperature. Viscosity was measured at 20°C using a DG27 cup and bob geometry with a 7 ± 0.005 g sample. Shear rate was reported in reciprocal seconds after multiplying revolutions/minute by a conversion factor of 1.29 s -1 , as specified by Paar Physica.
Volatile Fatty Acid Analysis
The concentrations of VFA in the postfermentation solution were determined with a method adapted from Erwin et al. (1961) . Briefly, 0.8 mL of test sample (supernatant from centrifugation at 2,500 × g for 10 min at 4°C) were added in a tube with 0.2 mL of 25% phosphoric acid and 0.2 mL of internal standard solution (150 mg of 4-methyl-valeric acid; S381810; Sigma-Aldrich Corp.) and vortexed thoroughly. The sample was analyzed for VFA (i.e., acetic, propionic, butyric, isobutyric, and isovaleric) using GLC (model 3400; Varian, Walnut Creek, CA) with a Stabilwax-DA column (30-m by 0.25-mm i.d.; Restek, Bellefonte, PA). A flame-ionization detector was used with an injector temperature of 170°C and a detector temperature of 190°C. Branched-chain VFA content was calculated as sum of isobutyric and isovaleric acids.
Double Fluorescent Staining
Samples (wheat grain, DDGS, and freeze-dried solid residues after fermentation) were ground to pass through a 0.5-mm mesh screen. A double-staining technique was used to label starch molecules and P-associated molecules within the matrix of fiber, starch, and protein. Starch molecules in the samples were stained using the method described by Blennow et al. (2003) . Briefly, starch in the DDGS samples (10 to 15 mg) was stained in 10 μL of freshly prepared 8-aminopyrene-1,3,6-trisulfonic acid (APTS; Molecular Probes, Eugene, OR) solution (20 mM APTS in 15% acetic acid) and 10 μL of 1 M sodium cyanoborohydride at 30°C for 15 h. The APTSstained samples were washed 5 times with deionized H 2 O and then dispersed in 0.5 mL of Pro-Q Diamond solution (Molecular Probes) at room temperature for 1 h. After thoroughly washing 5 times with deionized H 2 O, the stained samples were finally suspended in 0.5 mL of 50% glycerol for CLSM observation. The P was stained with Pro-Q Diamond using the method of Glaring et al. (2006) .
Microscopic Analyses
The matrix structure of samples was observed using CLSM and SECM. The CLSM images provide information of the detailed internal microscopic structure of samples, whereas SCEM images provide information of the detailed topographical microscopic structure of samples. Therefore, these 2 microscopic techniques are complementary.
For CLSM, stained samples (wheat grain, DDGS, and freeze-dried solid residues after fermentation) in 50% glycerol (10 μL) were dropped into a glass-bottom culture dish (MatTek, Ashland, MA), mixed with 0.1 mL of deionized water, covered with a glass slip, and then observed under a confocal laser scanning microscope (LSM 710; Carl Zeiss MicroImaging GmbH, Jena, Germany) equipped with a 40x 1.3 oil objective lens. The excitation was at 488 and 561 nm operating at 1 and 4% of power capacity, respectively, with an emission light interval of 490 to 560 nm. Images of optical sections of DDGS matrix were recorded with ZEN 2009 software (Carl Zeiss MicroImaging GmbH). In CLSM images, starch and starch residues that are stained with florescent dye APTS turns green. The green color gets brighter with increasing concentration of reducing sugars in the starch. Furthermore, in the CLSM images, the P-associated components such as protein, lipids, and nucleic acids that are stained with Pro-Q Diamond have colors that range from yellowish green to red depending on the concentration of reducing sugar and P in the matrix (Naguleswaran et al., 2011; Li et al., 2014) .
For SECM, the samples (wheat grain, DDGS, and freeze-dried solid residues after fermentation) were ground to pass through a 0.5-mm mesh screen. The ground samples were then mounted on circular aluminum stubs with double-sided sticky tape, coated with gold to a thickness of 12 nm, and examined and photographed in an FXV scanning electron microscope (model JSM 6301; JEOL Ltd., Tokyo, Japan) at an accelerating voltage of 5 kV.
Calculations
In Vitro Digestibility. The IVDDM during the pepsin and pancreatin hydrolysis was calculated as follows: IVDDM = (dry weight of the sample before hydrolysis -dry weight of the residue)/dry weight of the sample before hydrolysis.
[1]
In Vitro Fermentability. The IVFDM during the microbial fermentation was calculated as follows: IVFDM = (dry weight of the hydrolyzed residue -dry weight of the residue after fermentation)/ dry weight of the hydrolyzed residue.
[2]
Kinetics of Gas Production. Gas pressure measurements were converted into gas volume (G; g -1 DM) using the ideal gas law, assuming an atmospheric pressure of 101,325 Pa and a temperature of 312.15 K. Gas accumulation curves recorded during the 72 h of fermentation were modeled according to France et al. (1993) :
and [3]
in which G (mL/g DM) denotes the gas accumulation to time, G f (mL/g DM) denotes the maximum gas volume for t = ∞, and L (h) denotes the lag time before the fermentation starts. The constants b (h -1 ) and c (h -1/2 ) determine the fractional rate of degradation of the substrate μ (h -1), which is postulated to vary with time as follows:
Kinetics parameters (G f , L, μt = T/2, and T/2) were compared in the statistical analysis. The T/2 is the time to half-asymptote when G = G f /2 .
Statistical Analyses
Total gas production, fermentation kinetics parameters, and VFA profile were analyzed using the MIXED procedure of SAS (version 9.2; SAS Inst. Inc., Cary, NC) with the substrates (DDGS) and enzymes as fixed factors and batch as a random factor, using the following GLM: [6] in which Y is the parameter to be tested, α is the mean, S i is the effect of the DDGS substrate (i = 1, 2, 3), E j is the effect of enzymes (j = 1, 2, 3), Bk is the effect of batch (k = 1, 2), S i × E j is the interaction effect between substrates and enzymes, and ε ij is the error term. Means were separated using the Tukey method with a significance level of 0.05 and letter groupings were obtained using the SAS "pdmix800" macro (Saxton, 1998 Principal component (PC) analysis was performed using JMP software (version 8.0.2; SAS Inst. Inc.). The physicochemical characteristics of DDGS samples, fermentation kinetics, and VFA profile were used as variables for PC analysis. The loading plots of PC 1 and PC 2, the first 2 eigenvalues, were used to determine the correlation among the DDGS characteristics, fermentation kinetics, and VFA profile. The angles between the lines were used to describe the interrelationship. In PC analysis, the length, direction, and angle between arrows indicates the correlation between variables or between variables and PC axes (e.g., α = 0°, r = 1; α = 90°, r = 0; and α = 180°, r = 1). Percentages on x-and y-axes indicate proportions of variability of data that are described with the corresponding PC in the model.
RESULTS
The DDGS samples contained less starch and more CP, ether extract, crude fiber, NDF, ADF, Ca, P, and ash than wheat grain (Table 1 ). The viscosity of ground wheat grain was greater than that of the DDGS. The cDDGS contained less CP and soluble NSP but more starch, ether extract, and chemically available Lys than wDDGS1 or wDDG2. The wDDGS1 contained less CP and more starch, ether extract, total dietary fiber, and total NSP than and had similar chemically determined Lys availability as wDDGS2. The wDDGS2 had the greatest IVDDM followed by wDDGS1 and then cDDGS (Table 1) . Wheat DDGS samples were more brownish than cDDGS (Fig. 1) .
In CLSM images of ground wheat grain (Fig. 2D ), most starch granules were separated from P-associated protein matrix, and a few small starch granules were embedded either in P-associated protein matrix or within cells. In DDGS (Fig. 2A, 2B , and 2C), starch residues (from partially degraded starch granules), P-associated components, yeast cells, and other fiber residues formed complexed aggregates. Yeast cells, which were uniform in size and commonly stained red, were either attached to or embedded in the matrix of starch and P-associated proteins. Some large pieces of fiber, mostly cell walls, presented as dense complexes, where the starch and nonstarch residues were attached or entrapped within cells (Fig. 2B) . A few intact small starch granules or partially degraded starch granule residues more frequently occurred in cDDGS aggregates (Fig. 2C) . In general, cDDGS had more starch residues and higher florescent intensity than either wDDGS1 or wDDGS2. The SCEM images (Fig. 3) revealed that the DDGS samples were mostly in the form of aggregates, whereas the starch granules in ground wheat grain were easily distinguished from the nonstarch matrix. Both CLSM (Fig. 4) and SCEM (Fig. 5) images showed that enzyme treatment during porcine in vitro fermentation reduced the particle sizes of the undigested residue (Fig. 4D-4I vs. 4A-4C and 5D-5I vs. 5A-5C). Also, particles of the undigested residues after fermentation were smaller for multicarbohydrase-treated DDGS samples than for multicarbohydrase plus protease-treated DDGS samples (Fig.  4D-4F v. 4G-4I and 5D-5F vs. 5G-5I).
The DDGS sample and enzyme affected (P < 0.001; Table 2 ) IVFDM. Without enzymes, wDDGS1 and cD-DGS had greater (P < 0.05) IVFDM than wDDGS2. Multicarbohydrase plus protease reduced (P < 0.05) IVFDM compared to without enzymes, whereas multicarbohydrase did not. The DDGS samples without enzyme supplementation were similar in rate of degradation (Table 2 ; Fig. 6 ). However, the DDGS samples without enzyme supplementation differed (P < 0.001) in total gas production. The cDDGS had the greatest (P < 0.05) total gas production followed by wDDGS1 and then wDDGS2. The DDGS sample type and enzyme treatment interacted (P < 0.05) for lag time, so that multicarbohydrase reduced (P < 0.05) lag time for all DDGS samples, whereas multicarbohydrase plus protease reduced (P < 0.05) lag time for wDDGS1 and cDDGS but not wDDGS2. The DDGS sample type and enzyme treatment interacted (P < 0.05) on rate of degradation such that multicarbohydrase did not affect the rate of degradation for all DDGS samples, whereas multicarbohydrase plus protease increased (P < 0.05) rate of degradation for wDDGS1 and wDDGS2 but not cDDGS. Multicarbohydrase increased (P < 0.05) total gas production for wDDGS1 and cDDGS. Addition of protease to multicarbohydrase-treated DDGS samples reduced (P < 0.05) total gas production regardless of DDGS type.
The cDDGS had greater (P < 0.05; Table 2 ) total VFA, acetic acid, and propionic acid production than both wDDGS. The 2 wDDGS were similar in total VFA, acetic acid, and propionic acid production. The cDDGS had greater (P < 0.05) butyric acid and branched-chain VFA production than both wDDGS. However, wDDGS1 had greater (P < 0.05) butyric acid and branched-chain VFA production than wD-DGS2. The DDGS sample type and enzyme treatment interacted (P < 0.05) for total VFA and propionic acid production, so that multicarbohydrase treatment increased (P < 0.05) VFA and propionic acid production for wDDGS1 but not for wDDGS2 or cDDGS. The DDGS sample type and enzyme treatment interacted (P < 0.05) for butyric acid production, so that multicarbohydrase treatment decreased (P < 0.05) butyric acid production for wDDGS2 but not for wDDGS1 or cDDGS. Furthermore, the addition of protease to multicarbohydrase-treated DDGS samples reduced (P < 0.05) butyric acid production for wDDGS1 but not for wDDGS2 or cDDGS. The DDGS sample type and enzyme treatment interacted (P < 0.05) for branchedchain VFA, so that multicarbohydrase increased (P < 0.05) branched-chain VFA for wDDGS1 and wD-DGS2 but not for cDDGS. Addition of protease to multicarbohydrase-treated DDGS samples reduced (P < 0.05) total VFA and butyric acid production but increased (P < 0.05) branched-chain VFA production regardless of DDGS type.
The loading plot from PC analyses of chemical characteristics of DDGS, fermentation kinetics, and metabolites production revealed 4 clusters, each within a quadrant (Fig. 7) . Total gas, total and individual VFA production, lag time, and half time of total gas production were positively correlated. These variables were negatively correlated (angle close to 180° among variables) to crude fiber content and fractional rate of degradation. The IVDDM was closely associated within 1 cluster with soluble NSP, CP, and ADF content and viscosity of the DDGS samples, which, in turn, were negatively related to a cluster containing total and insoluble NSP and NDF content. 
DISCUSSION
Both CLSM and SCEM images revealed that most starch granules in ground wheat grain were released from grain endosperm cells and separated from nonstarch components. In contrast, most starch residue in the DDGS was embedded in the P-associated components that were in the aggregated P-associated components. In CLSM images, the aggregates of DDGS stained by florescent dyes were likely a matrix of starch and P-associated components, such as protein, lipid, NSP, and yeast cells. Indeed, protein interacts with carbohydrates during heat treatment to form complexes during Maillard reactions (Rizzi, 2003) . Polyphenols interact with carbohydrates and protein to form complexes, because heat treatment can accelerate the formation of polyphenol-carbohydrate or polyphenolprotein complexes (Kandil et al., 2012; Le Bourvellec and Renard, 2012) . Starch may react with lipids to form starch-lipid complexes (Li et al., 2014) . In CLSM images, these complexes were stained in different color intensity depending on the complex composition. Therefore, DDGS was the aggregate of various complexes formed by the interaction of grain components that were resistant to hydrolyzing enzymes and escaped from the ethanol production process. Formation of ag- gregates in DDGS could be mainly due to drying method of wet DDGS after the ethanol fermentation process. The differences in porcine in vitro fermentation among DDGS could be due to differences in DDGS source (wheat and corn cultivars; Widyaratne and Zijlstra, 2007) and DDGS production conditions.
The microscopic images revealed the presence of small amounts of starch residues and small starch granules in DDGS, indicating that a small portion of starch was present as resistant starch escaping from ethanol production (Li et al., 2014) . More starch residue escaped from starch hydrolysis and fermentation processes in cDDGS than in the 2 wDDGS, which is consistent with the chemical analyses. Starch in DDGS compared with starch in ground wheat grain had greater florescent intensity, indicating that starch remaining in DDGS contained more reducing sugars than starch in ground wheat grain. Likewise, starch in cDDGS had greater florescent intensity than starch in the 2 wDDGS, indicating more reducing sugars in starch of cDDGS. The concentration of reducing sugars in starch is positively correlated with amylose content of starch, because the amylose is a smaller molecule than amylopectin; hence, amylose has a greater molar ratio of reducing ends than amylopectin thereby increasing labeling (Chen et al., 2011) . Amylase hydrolyzes amylose poorer than amylopectin (Regmi et al., 2011) . Therefore, greater APTS florescent intensity of starch in DDGS than in ground wheat grain could be due to dextrinization of amylopectin during DDGS production leaving starch residues rich in amylose and shorter chains of amylopectin and, hence, more reducing ends of molecules per unit weight of starch residue. The higher concentration of reducing sugars in starch of cDDGS than of the 2 wDDGS could be due to cDDGS containing more dextrins and amylose than wDDGS.
The IVDDM for cDDGS was lower than that for the 2 wDDGS, likely due to cDDGS containing more resistant starch and less protein than wDDGS. Resistant starch is poorly digested in the small intestine of pigs (Jha et al., 2010; Regmi et al., 2011) . Instead, protein in DDGS is better digested than fiber in the small intestine of pigs (Jha and Leterme, 2012; Yang et al., 2010) . The wDDGS2 had greater IVDDM than wDDGS1, likely due to wDDGS2 containing more CP than wDDGS1. Also, most starch in wDDGS2 was located in the porous regions either unattached or attached to the nonstarch complex. Therefore, the greater IVDDM for wDDGS2 than for wDDGS1 could be partly due to increased digestion of starch residues that were unattached or loosely attached to nonstarch complex in the porous regions of wDDGS2. The IVDDM values for DDGS in the present study were lower than the 77% IVDDM reported previously for wheat (Jha et al., 2011a) , likely due to DDGS containing more fiber and less starch than wheat. The lower IVDDM for DDGS than for wheat could also be attributed to most starch and nonstarch components in wheat being separated from another and, hence, being more exposed to digestive enzymes. In contrast, in DDGS, most starch and nonstarch components interacted to form complexes that could be resistant to digestion by pepsin and pancreatic enzymes.
Total gas, total VFA, and individual VFA production were greater for the undigested residue of cDDGS than for this residue for wDDGS, which could be due to increased fermentable substrate following IVDDM of cDDGS than wDDGS. The cDDGS contained more starch, primarily in the form of resistant starch, which is highly fermentable (Jha et al., 2011a) . Moreover, these DDGS contained varying amount of fiber and protein in their matrix, which together interact to affect the fermentability of substrates (Jha and Leterme, 2012; Jha et al., 2011b) . Similarly, in vitro total gas and VFA production was greater for barley grain that had lower previous in vitro digestibility by pepsin and pancreatin (Jha et al., 2011a) . Also, the greater fermentability of cDDGS than wDDGS could be attributed to most starch in cDDGS being located in complexes that did not contain many nonstarch components, unlike wDDGS1. Hence, the access of microbial carbohydrases to all starch including resistant starch in cDDGS was limited less by nonstarch components during fermentation. Notably, wDDGS1 was more porous than wDDGS2, thereby increasing access of microbial enzymes to their substrate, and wDDGS1 contained more starch than wDDGS2, together explaining the greater fermentability of wDDGS1. Fermentation of starch compared with fermentation of arabinoxylans, the major NSP in wheat or corn, yields VFA with a greater proportion butyric acid (Henningsson et al., 2001) .
Carbohydrases can increase nutrient availability in swine of fibrous feedstuffs such as DDGS (Woyengo et al., 2014) . In the present study, multicarbohydrase increased total gas production for cDDGS and total VFA production for wDDGS1 but did neither for wDDGS2. Also, the microscopic images revealed that multicarbohydrase did degrade cDDGS and wDDGS1 more extensively than wDDGS2. The wDDGS1 being more porous than wDDGS2 could explain the greater fermentability of wDDGS1 than wDDGS2 due to multicarbohydrase. The greater fermentability of cDDGS than wDDGS2 could be due to the separation of starchy and nonstarchy complexes in cDDGS that are thus more exposed to multicarbohydrase. Multicarbohydrase plus protease re- Figure 5 . Scanning electron microscope images (1,000x) of fermented residues of the wheat distillers dried grains with solubles (DDGS) sample 1, wheat DDGS sample 2, and corn DDGS without enzyme treatment (A, B, and C), with multicarbohydrase treatment (D, E, and F), or with multicarbohydrase plus protease treatment (G, H, and I), respectively. duced total gas and total VFA production and particle degradation for all 3 DDGS. The added protease may degrade the microbial or supplemental multicarbohydrase. Similarly, the addition of protease to carbohydrase-supplemented diets reduced nutrient digestibility in pigs (Yin et al., 2001) . Branched-chain VFA are derived from carbon skeletons of branched-chain AA; therefore, these VFA indicate protein degradation during fermentation (Macfarlane and Macfarlane, 2012) . Therefore, increased production of branched-chain VFA by multicarbohydrase plus protease indicated that the protease increased protein degradation during fermentation. Combined, protease decreased total VFA production likely by degrading carbohydrases but increased production of branched-chain VFA by degrading both exogenous (feedstuff and supplemental enzyme) protein and endogenous (microbial) protein.
Multicarbohydrase supplementation increased degradation of cDDGS and wDDGS1. In previous in vivo studies, carbohydrase supplementation to DDGSbased diets did not affect nutrient digestibility in pigs (Widyaratne et al., 2009; Yáñez et al., 2011) . In these studies, the carbohydrase was solely xylanase that targets arabinoxylans. In the present study, however, the carbohydrase contained xylanase and cellulase. Therefore, the increased degradation of the DDGS by multicarbohydrase could be partly attributed to this enzyme targeting more NSP present in the DGGS. In the present study, more units of xylanase were used in the porcine in vitro fermentation than in the in vivo work, a difference that could have contributed. The limited effect of supplemental carbohydrase on DDGS in vivo compared with in vitro additionally might be attributed to limited interaction between enzyme and substrate under ideal pH conditions in vivo due to digesta passage, whereas such a limit does not occur in vitro.
The IVDDM was positively correlated with CP, likely due to CP being well digested by pepsin and pancreatin (Yang et al., 2010) . In contrast, IVDDM was negatively correlated with total and insoluble NSP and NDF, likely due to fiber being indigestible by pepsin and pancreatin and fiber limiting the access of pepsin and pancreatin to digest other nutrients. Also, IVDDM was negatively correlated with starch, because the starch in the DDGS was likely resistant starch.
In vitro fermentation kinetics parameters (lag time, half time, and fractional rate of degradation) of undigested residue likely indicate the location of fermentation in a-g Within a row, means without a common superscript differ (P < 0.05).
1 wDDGS1 = wheat DDGS sample 1; wDDGS2 = wheat DDGS sample 2; cDDGS = corn DDGS.
2 Multicarbohydrase was obtained from AB Vista Feed Ingredients (Wiltshire, UK) and supplied 20,000 units of cellulase and 56,000 units of xylanase per kilogram of hydrolyzed sample incubated for fermentation.
3 Protease was obtained from Sigma-Aldrich Corp. (St. Louis, MO) and supplied 500 units of protease per gram of hydrolyzed sample incubated for fermentation.
4 IVFDM = in vitro fermentability of DM.
5 Time taken to start fermentation (h).
6 Half-time to asymptote (h; T/2).
7 Fractional rate of degradation (h-1) at t = T/2. 8 Cumulative gas volume (mL per g sample incubated for fermentation).
9 mmol/g = mmol/g of sample incubated for fermentation.
10 BCVFA = branched-chain VFA (sum of isobutyric acid and isovaleric acid).
the gastrointestinal tract of pigs (Williams et al., 2005) ; however, such a link has not been validated. For example, fast rate of in vitro fermentation may indicate fermentation in the upper gut. Such information might be used in nutritional programming so that a dietary fermentation substrate can be targeted to specific locations within the tract. Fractional rate of degradation was negatively correlated with VFA and total gas production, indicating that a high fractional rate was not associated with the greatest total extent of fermentation. However, the reason for the positive correlation between IVDDM and soluble NSP or viscosity is unclear, because viscosity reduces nutrient digestibility (Bedford, 2000) . Starch was positively correlated with VFA production, likely due to starch fermentation. Starch can be effectively fermented by microorganisms in the porcine large intestine (Regmi et al., 2011) .
In conclusion, the color, available Lys content, and microscopic images indicate that starch interacted with other grain components during DDGS production to form complexes. The matrix structure of the formed complexes can vary depending on parent cereal type (corn vs. wheat) and on the extent of heat damage of the DDGS. A porous matrix structure of DDGS such as in the cDDGS in the present study can increase its fermentation, whereas heat damage can reduce its fermentation. The multicarbohydrase used in the present study may effectively increase fermentability of DDGS, but its effectiveness varies depending on the extent of heat damage of the DDGS during its production. A protease may inhibit the activity of microbial or supplemental carbohydrases but increase protein fermentation. Figure 6 . Gas production kinetics of the wheat distillers dried grains with solubles (DDGS) sample 1 (wDDGS1), wheat DDGS sample 2 (wD-DGS2), and corn DDGS (cDDGS) without enzyme treatment, with multicarbohydrase treatment (MC), or with multicarbohydrase treatment plus protease treatment (MC + protease). 
LITERATURE CITED
